We have used the convergent close-coupling method and a unitarized firstorder many-body theory to calculate integral cross sections for elastic scattering and momentum transfer, for excitation of the 5d 2 1 S,
I. INTRODUCTION
A great deal of interest and need has developed in recent years for electron collision cross sections involving Ba atoms. In the applications area, these cross sections are needed for modelling the behavior of Ba vapor lasers [1] [2] [3] [4] , discharge lamps [5] , plasma switches [6] , and various planetary ionospheres [7] [8] [9] [10] [11] [12] , where Ba has often been used as a trace element for diagnostic purposes. On the academic side, benchmark laboratory cross sections are needed for testing various theoretical approximations and calculational methods hoping to predict these cross sections.
The experimental data base, available at the present time, is rather limited both in the electron impact energy range and the scattering channels. Line emission cross sections for the (6s6p 1 P 1 → 6s 2 1 S 0 ) at 5535Å [Q emiss (6s6p 1 P 1 )] were determined by Chen and
Gallagher [13] in the 2.3 to 1497.0 eV impact energy range. They claimed an uncertainty of ±5 %. Since the 6s6p 1 P 1 level decays predominantly (99.7%) to the ground state, the measured line emission cross sections are equivalent (within the experimental error limits) to the apparent 6s6p 1 P 1 level excitation cross sections [Q App (6s6p 1 P 1 )] and they differ from the electron impact excitation cross sections [Q(6s6p 1 P 1 )] by the cascade contributions. (See e.g.
Trajmar and Nickel [14] for the definitions of these cross sections.) Cascade corrections, only available from theory, can be applied to the data of Chen and Gallagher and the resulting Q(6s6p 1 P 1 ) values represent the most reliable electron scattering cross sections available for Ba at the present time. Jensen et al. [15] and Wang et al. [16] determined relative cross sections for elastic scattering (Q elas ) and momentum transfer (Q M ) at a few impact energies. Jensen et al. [15] also obtained some cross section results for excitation of the
. In these cases, the relative cross sections were normalized by an estimated cascade correction applied to the Chen and Gallagher Q App (6s6p 1 P 1 ) values to obtain Q(6s6p 1 P 1 ) values which in turn were used to normalize Q elas , Q M , and Q(6s5d 1 D 2 ).
Total ionization cross section (Q i ) in the threshold to 600 eV range have been reported by Dettmann and Karstensen [17] and by Vainshtein et al. [18] from the threshold to 200 eV.
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Total electron scattering cross sections (Q Tot ) were measured by Romanyuk et al. [19] in the 0.1 to 10 eV range.
There is a larger data base available from calculations. Elastic scattering cross sections were calculated by Gregory and Fink [20] in the 100 to 1500 eV range. (numerical solutions of the Dirac equation), by Fabrikant [21] at impact energies ranging from 6 eV to 35 eV (non-relativistic close-coupling approximation), by Yuan and Zhang from 0.01 eV to 5.0 eV (quasirelativistic static-exchange formalism) [22] and from 0.04 eV to 150 eV (Hartree-Fock method with relativistic corrections) [23] , by Szmytkowski and Sienkiewicz [24] in the 0.2 eV to 100 eV region (relativistic polarized-orbital approximation) and by Kelemen et al.
[25] from 0.1 to 200 eV (using phenomenological complex opical potential [25] . Very recently the non-relativistic convergent close-coupling (CCC) method was applied by Fursa and Bray [30, 31] to obtain
and Q App (6s6p 1 P 1 ) results in the 1 to 897 eV range.
The present work represents a substantial extension of CCC and UFOMBT calculations to cover all scattering channels which we consider important for practical applications over a wide range of impact energies. Comparison of these theoretical results with fragmentary experimental data allows us to recommend a reliable and consistent cross section data set which should be satisfactory for most modelling calculations. We found very good agreement between the CCC results and experiment and therefore in our recommendations relied heavily on the CCC data.
II. CALCULATIONAL METHODS

A. CCC method
The application of the CCC method to calculation of electron scattering from barium has been discussed elsewhere, see Refs. [31] and [32] for details. Briefly, barium target states are described by a model of two valence electrons above an inert Hartree-Fock core.
We have used configuration interaction (CI) expansion technique to obtain barium wave functions. One-electron orbitals used in CI expansion have been obtained by diagonalizing Ba + Hamiltonian in a Sturmian (Laguerre) basis. In Table I we compare energies for the states relevant to the present study with experimental data and give a set of the dominant configurations for each state. We find a very good agreement between our results and experiment and other accurate calculations for energy levels and oscillator strengths [31] .
The barium target states obtained this way provide not only an accurate representation of the barium discrete spectrum but allow also for square-integrable representation of the target continuum. This allows for coupling to the ionization channels in the scattering calculations.
These calculations use barium target states in order to perform expansion of the total wave function and formulate a set of close-coupling equations. These equations (for the T matrix)
are formulated and solved in momentum space.
The CCC method is formulated as a purely non-relativistic theory in both target structure and electron scattering calculations. In order to compare results from the nonrelativistic CCC calculations with experiment, we have used a technique essentially identical with the transformation scheme described by Saraph [33] . Namely, we first transform the non-relativistic CCC scattering amplitudes f
to the amplitudes describing transitions between fine-structure levels J f and
Here S is total spin, and π f (π i ), s f (s i ), l f (l i ) and m f (m i ) are the final (initial) target state 4 parity, spin, orbital angular momentum is and its projection on the Z-axis of the collision frame, respectively. The final (initial) projectile spin projection on the Z-axis of the collision frame is indicated as σ f (σ i ) , and the index γ distinguishes states with the same orbital angular momentum, spin and parity. The above amplitudes are used to form amplitudes in the intermediate coupling scheme
where the index β distinguishes target states with the same total angular momentum J and parity π. We obtain mixing coefficients C β γ by diagonalizing the Breit-Pauli Hamiltonian (only one-body spin-orbit term is used) in the basis of the barium target states obtained from the non-relativistic barium structure calculation. Note that the dependence of the scattering amplitudes in (1) and (2) on the electron spherical angles θ and ϕ is implicit.
Amplitudes (2) are used to calculate the semi-relativistic integrated cross sections:
The subscript "fs" (fine-structure) indicates that the cross section is calculated with an (approximate) account of relativistic corrections.
Scattering on a singlet initial state allows for significant simplification in Eq. (3). Symmetry relations of the scattering amplitudes (1)
ensure that the singlet-triplet terms in Eq. (3) are zero after summation over projectile spin magnetic sublevels m f and m i . We have also found that for the target states involved in the present study only one or two terms in Eq. (2) have large mixing coefficients. Together, these allow us to express the cross section defined by (3) in terms of the non-relativistic cross sections Q which are obtained from the non-relativistic amplitudes (1) using Eq. (3). We
give below decomposition of the semi-relativistic ICS (3) via non-relativistic cross sections,
These cross sections typically differ by less than 3% from the corresponding cross sections obtained from Eq. (3). All other target states are well described in the non-relativistic approximation.
B. UFOMBT method
The UFOMBT method used here has been discussed in general and in particular its implementation for Ba by Clark et al. [27] and Zetner et al. [34] .
III. RESULTS AND DISCUSSION
A. Line emission, apparent level excitation and electron impact excitation cross section for the 6s6p 1 P 1 level
At the present time, the most reliable electron collision cross sections for Ba are the 5535Å line emission cross sections [Q emiss (6s6p 1 P 1 )] associated with the radiative decay of the electron impact and cascade populated 6s6p 1 P 1 level to the ground 6s 2 1 S 0 state as measured by Chen and Galagher [13] . The uncertainty claimed for these cross sections is about ±5% over the 2.3 to 1497 eV impact energy range. Table VIII , where we have also included the recommeded total electron scattering cross sections, see Fig. 25 , based mainly on the CCC results. At low energies, the experimental results of Romanyuk et al. [19] are in poor agreement with our results as well as with the results of all other calculations. Hence we suppose that the present theoretical results are more accurate than the experimental ones.
IV. CONCLUSIONS
We have presented a recommended set of integrated cross sections for electron scattering by the ground state of barium. For most of the transitions presented here no previous 10 experimental or theoretical data are available. We expect our results to be useful in practical applications and will stimulate further experimental and theoretical effort to further improve the cross section data set.
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